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Introduction being obtained in specific tissues such as the
Oilseed rape (Brassica napus L.) is a major European seeds. The phloem mobility of 35S-gluconapin (butcrop, the most significant oil-producing crop of the tem-3-enylglucosinolate) and 35S-desulphogluconapin in perate regions of central and northern Europe (Bones oilseed rape plants has been inferred from tissue disand Rossiter, 1996) . The seed meal remaining after oil tribution patterns, as well as from observed coincident extraction is a valuable animal feed, high in protein, phloem mobility of 3H-gluconapin and 14C-sucrose.
which can be used in place of imported soybeans (Bones The measured relative phloem mobilities for sinigrin (2-propenylglucosinolate), 3H-gluconapin, 35S-desuland Rossiter, 1996) . The usefulness of this meal is limited phogluconapin, 35S-desulphosinigrin, 14C-tryptophan, by the presence of glucosinolates, which are known to 3H-AIB (a-aminoisobutyric acid), and literature values occur in 11 families of dicotyledons and have been for a reduced 3H-oligogalacturonide elicitor (degree of detected in practically every species of the Cruciferae polymerization 6) and 14C-IAA (indolylacetic acid), have studied. These sulphur-containing secondary metabolites, been compared with the predicted values obtained although considered non-toxic per se, are important using the Kleier model for phloem mobility of xenobecause of the multiplicity of physiologically active prodbiotics. All the above compounds show phloem sysucts derived from them upon cleavage by the hydrolytic temicity, demonstrated using the Ricinus assay, as enzyme myrosinase (thioglucoside glucohydrolase; EC predicted by the model. Log K ow (octanol-water parti-3.2.3.1) ( Underhill, 1980) . Bones and Rossiter (1996) tion coefficient) values for glucosinolates and desulhave reviewed the myrosinase-glucosinolate system, its phoglucosinolates measured at pH 4 and pH 7, and the organization and biochemistry. The cellular location of effect of pH on uptake by oilseed rape embryos are glucosinolates has been the subject of considerable debate, provided as evidence against a weak acid trap mechanand the involvement of these compounds in growth, ism acting in either the phloem mobility or the accumudevelopment and defence could be more clearly defined lation of glucosinolates in oilseed rape embryos. The following their subcellular localization: recently, sinigrin phloem mobility of glucosinolates is explained by the (2-propenylglucosinolate) has been immunolocalized to intermediate permeability hypothesis. In conclusion, it protein bodies in aleurone-like cells of Brassica juncea, would appear that glucosinolates like other groups of but shown to be absent from myrosin cells ( Kelly et al., endogenous compounds have physicochemical prop-1998) . Interest in reducing the levels of glucosinolates erties allowing phloem mobility as predicted by the results from the presence of bitter-tasting, toxic and Kleier model. goitrogenic degradation products which limit the incorporation of rape meal into non-ruminant animal feed ( Thomson and Hughes, 1986) . Fenwick et al. (1982) have reviewed the occurrence, analysis and properties of glucosare oximes and such compounds usually have pK a values between 9-12 (Jencks and Regenstein, 1968) . The pod inolates and derived compounds in plants and products wall has been identified as the main site of glucosinolate intended for human and animal consumption. Stoewsand synthesis (Lein, 1972) , although the nature of the trans-(1995) has reviewed the toxicological and anticarcinogported form remains to be clarified. The transport properenic effects of glucosinolates and S-methyl cysteine sulties of glucosinolates within B. napus are of interest as phoxide present in Brassica oleracea vegetables. The low identification of the mechanism of transport could lead glucosinolate strategy has been successful, in that current to lower levels being obtained in specific tissues such as commercial B. napus varieties (00-; 'double low') have the seeds. Unlike B. napus, Tropaeolum majus (garden very low seed glucosinolate content, but there is a signinasturtium) leaves have been found to be the primary ficant cost in terms of crop protection and nutrition site of benzylglucosinolate (glucotrapaeolin) synthesis (Bones and Rossiter, 1996) . (Lykkesfeldt and Moller, 1993) . High amounts of benzylThe general structure of glucosinolates is given in Fig. 1 glucosinolate were found to accumulate in other tissues and consists of a thioglucose group linked via a sulphon-(e.g. developing seeds) and reflected transport of benzylated oxime group to a range of R groups (Duncan, 1991) .
glucosinolate from the leaves (Lykkesfeldt and Moller, Due to the low pK a value (9; Prestera et al., 1996) of the 1993). On administration of [14C ]tyrosine to developing sulphonic acid group glucosinolates invariably occur in seeds and silique walls of Sinapis alba both tissues synthenature in the anionic form (Larsen, 1981) . Due to the sized de novo p-hydroxybenzylglucosinolate (sinalbin) (Du presence of the glucose moiety and ionic forms, they are and Halkier, 1998): these authors concluded that although hydrophilic, non-volatile compounds (Larsen, 1981) .
translocation is a major contributor to glucosinolate Desulphoglucosinolates, the penultimate compounds in accumulation in seeds, their data demonstrates that seeds the glucosinolate biosynthetic pathway ( Underhill, 1980) , of Sinapis alba contain all the enzymes required for glucosinolate synthesis, unlike the seeds of B. napus. Merritt (1996) used honeydew from green peach aphids (Myzus persicae) fed on different aged leaves of black mustard B. nigra to estimate the concentrations of the chemicals in phloem sap; sinigrin (prop-2-enylglucosinolate) concentration was estimated to be high (>10 mM ) in phloem sap in young leaves. This concentration was derived from relationships between the concentrations of chemicals in aphid diets and honeydew, established using honeydew from aphids fed on artificial diets with known concentrations of sinigrin, sucrose and amino acids. Bromilow and Chamberlain (1989) point out that although it has been suggested that amino acids, plant hormone acids and synthetic analogues thereof, are taken up by specific carrier mechanisms, much of the evidence is equivocal due to the difficulty of identifying such mechanisms. These authors have also shown that accumulation of compounds by tissues to a higher concentration than in an aqueous bathing solution is not necessarily indicative of the involvement of specific carriers, as weak acids (pK a 3-5) may be accumulated by the 'ion trap' effect. In such a process energy is consumed in the maintenance of a pH gradient across the membrane. Crisp and co-workers (Crisp, 1972; Crisp and Look, 1979) developed the weak acid theory involving an acidtrapping mechanism, based on the fact that the pH of the phloem (pH #8) is higher than that of the apoplast (pH #5.5-6.0). The effect of this is that a proportion of the molecules of a weak acid in the more acidic apoplast will be in the neutral permeable form and, once in the more alkaline phloem sap, will dissociate into the less evolved so that certain endogenous compounds (i.e. acidic Downloaded from https://academic.oup.com/jxb/article-abstract/50/335/745/582110 by guest on 14 December 2018 plant hormones; gibberellic, abscisic, indolylacetic (IAA), be well retained in the sieve tubes during phloem transport (Bromilow et al., 1993) . and phenylacetic acids) are able to move in the phloem purely due to physicochemical processes, and that control The uptake of glucosinolates by developing oilseed rape embryos has been reported and it has been suggested that occurs via metabolism or conjugation rather than by switching specific carriers off (Bromilow and Chamberlain, a carrier-mediated transport system was operating in the embryo (Gijzen et al., 1989) . It is thus of interest to 1989). These authors have pointed out that all the gibberellins so far isolated have at least one carboxyl group and investigate the role of physicochemical properties in uptake and transport of glucosinolates. Further studies so satisfy the physicochemical requirements for acid trapping and retention in the phloem.
characterizing this postulated carrier-mediated uptake have been carried out at Newcastle and will be reported The phloem mobility of xenobiotics that are not weak acids has given rise to the intermediate permeability in due course. The present study presents evidence that glucosinolates and desulphoglucosinolates have suitable hypothesis put forward by Tyree et al. (1979) following extensive mathematical modelling. This hypothesis takes physicochemical properties to allow phloem mobility. account of the close proximity of the phloem and xylem; any molecule with a high permeability will be able to Materials and methods pass into the phloem, but will also readily move out of Plant materials the phloem and into the faster moving xylem flow. Any molecule with a low permeability will not achieve a high of endogenous compounds, for example, gibberellin A1 Synthesis and biosynthesis of compounds used (GA1; O'Neill et al., 1986) and salicylic acid ( Yalpani et al., 1991) . Rigby et al. (1994) have demonstrated that
The synthesis of [3,4-3H ]but-3-enyldesulphoglucosinolate (30.8 mCi mmol−1) (desulphogluconapin) and of [3,4-3H ]but-3-enyla reduced oligogalacturonide (degree of polymerization glucosinolate (30.8 mCi mmol−1) (gluconapin) have been 6) is phloem mobile, essential for the role of oligogalactudescribed (Rossiter and James, 1990) . The purity of [3,4- ronides as a chemical messenger in systemic responses. It 3H ]but-3-enylglucosinolate has been examined by desulphois shown here that this phloem mobility is predicted by glucosinolate analysis and was found to be >95%; [3,4-3H ]but-3-enyldesulphoglucosinolate was found to be present in the Kleier model. <0.0334% (Rossiter and James, 1990) . The radiochemical Some stronger acids with pK a <3 have been shown to purity of [3,4-3H ]but-3-enyldesulphoglucosinolate has been move in the phloem (Price et al., 1975) . The Kleier model shown to be >99% on scanning of the TLC plate for tritium; (1988) has been used to predict the 'optimal1' phloem the chemical purity was checked by TLC using an authentic mobility of 6(5)carboxyfluorescein, a polar fluorescein sample of but-3-enyldesulphoglucosinolate obtained by enzymic desulphonation of but-3-enylglucosinolate (Rossiter and ( log K ow −1.5) with an apparent pK a of 6.3 (Grignon James, 1990 (Bromilow et al., 1993) . These authors concluded that UK ) or Trans35S-label (ICN Biomedicals, High Wycombe, ion trapping appeared to play little part in the phloem UK ) were used as a 35S-source. Trans35S-label is a mixture of transport of these strong acids. Phloem transport was 35S-methionine and 35S-cysteine, and has the virtue of being concluded to be due to the anions having the necessary considerably cheaper than 35S-sulphate. 35S-methionine and 35S-cysteine were found to be good sources of sulphur for the rather low permeability through membranes to enter, yet biosynthesis of sinigrin ( Wetter and Chisholm, 1968) .
Glucosinolate transport experiments Extraction, clean-up and purification procedures were carried
The uptake of 35S-desulphogluconapin, 35S-gluconapin and 3H-out as outlined in a flow chart in Appendix 1. The procedures gluconapin (along with 14C-sucrose (Amersham)) and 35S-used were based on those used for preparative isolation and desulphosiningrin was studied by applying 200 ml of an aqueous 35S-labelling of glucosinolates from B. napus (Bjö rkman, 1972) . solution of the above solutes (1 mCi ml−1, 20 mM MES at Using these procedures Wetter and Dyck (1973) found that pH 5) to the inter-veinal zone of a mature exporting rape leaf gluconapin and progoitrin (2-hydroxy-3-butenylglucosinolate) which had been gently abraded using carborundum powder. samples from B. campestris and Crambe abyssinica, respectively, After 24 h the plants were dissected into appropriate tissue were free from other glucosinolates (NMR) and there was no groups as given in Fig. 3 . The plant parts were weighed and other contamination (GLC ). Four days after applying 35S-extracted in methanol containing 10 g l−1 aqueous acetic acid source (200 ml at 1 mCi ml−1), leaf material was ground in liquid and heated at 80°C until the tissue became clear ( Van Ellis and nitrogen, homogenized with a Polytron high frequency mechanShaner, 1988). 10 ml of Ecoscint A (National Diagnostics) ical and ultrasonic homogenizer, and extracted in boiling water scintillation cocktail were added and the radioactivity deter-(to inactivate myrosinase). Purification and conversion to mined using a Tricarb 4000 (Packard ) scintillation counter. desulphoglucosinolates, using sulphatase (Aryl-sulphatase; EC 3.1.6.1) ( Thies, 1979) , was carried out using DEAE Sephadex A-25 or SAX anion exchange TechElut solid phase extraction Perfusion experiments on Ricinus (SPE ) columns (6.0 ml bed volume; HPLC Technology, Perfusion of hollow attached petioles of Ricinus and phloem Macclesfield, UK ) with a TechElut vacuum manifold. For exudate collection were carried out in a manner similar to that glucosinolates 10 ml columns were made containing 6.0 ml of of Baker et al. (1980) . Compounds were perfused as an aqueous Ecteola cellulose in the acetate form (Bjerg and Sorensen, solution (100 mM, 1.0 ml for plants 0.5 m tall ) containing 1987). The radiochemical purity of the labelled glucosinolates 20 mM MES (pH 6), 29 mM sucrose (1%, w/v), with 2 mCi produced in this manner was confirmed by radio-HPLC.
(6,6∞(n)-3H )-sucrose or 14C-sucrose as an internal standard to allow for the inherent variability of phloem translocation HPLC determination between plants. Perfusion experiments were set up with duplicate The glucosinolates and desulphoglucosinolates were separated plants and at least two replicates (normally three). on a C 18 Techsphere (5 mm, 250×4.6 mm i.d, HPLC Technology) reverse phase HPLC column. Analyses were
Octan-1-ol/water partition coefficients (K ow ) performed on a Beckman HPLC system (Model 114M Pumps, Gradient Liquid Chromatograph Model 332) connected to a Octanol/water (K ow ) coefficients were determined by adding Waters LC spectrophotometer (Model 481). For desulphoglucolabelled glucosinolates and desulphoglucosinolates to 4 ml of sinolates the mobile phase was nanopure water-acetonitrile potassium phosphate buffer (5 mM; Dearden and Bresnen, (5%) under isocratic conditions at a flow rate of 1.5 ml min−1, 1988) at pH 4 and pH 7, after which 20 ml of phosphate bufferwith UV detection at 226 nm. The detection wavelength was saturated octan-1-ol was added and the resulting 24 ml of liquid changed to 235 nm for glucosinolates, which were determined inverted repeatedly by hand for 5 min (Leo et al., 1971 ) and using an ion-pair isocratic system with 0.01 M phosphate buffer then the samples were centrifuged (Sorval RC-5B Refrigerated at pH 7.0 methanol (357, v/v) as the mobile phase containing Superspeed ) to ensure separation of the phases. Octanol layer 0.005 M tetraheptylammonium bromide as a counter-ion samples were removed with disposable syringes/needles. 10 ml (Helboe et al., 1980) . All solvents were HPLC grade, filtered of Ecoscint A was added to samples from both layers and through 0.45 mm Millipore filters and degassed by sonication radioactivity determined. under reduced pressure (water pump). Sample injection (Rheodyne) was via a 20 ml sample loop with a disposable
Computer model of phloem mobility guard column cartridge system (HPLC Technology) prior to the analytical column. Radioactivity was detected using a Mobility equations as developed by were Berthold HPLC monitor LB 506 C-1, using a solid scintillation programmed using ModelMaker (SB Technology, Basingstoke, cell, and the data were recorded using Berthold HPLC software UK ) or Mathcad (Mathsoft Inc.). The extension to multiple or UV data only on a Shimadzu C-RIA Chromatopac ionic forms of a xenobiotic (Hsu and Kleier, 1990) was used Integrator. That practically all impurities are removed during for the compounds selected for this work. The reliability of the the 'on column' desulphation procedure, as used above, was model output was confirmed by checking against published demonstrated by GLC analysis of collected HPLC peaks values , our own previous SAS or Genstat output (Minchinton et al., 1982) , using a similar reverse phase C 18 (Brudenell et al., 1995) or for selected compounds (IAA, column with acetonitrile gradient elution.
tryptophan, AIB) on printouts produced by Fortran versions of the model (DA Kleier, personal communication). The above Effect of pH on glucosinolate uptake packages were used to generate concentration factor (C f ) values for the compounds tested. C f is defined as the ratio of total The effect of pH on uptake of glucosinolates was studied using concentrations, C t(0.9L) /C t.o , where C t(0.9L) is the total concentraexcized embryos: 20-30 embryos per sample were excized from tion of xenobiotic within the phloem sap at a point 0.9L from fresh pods at 26 d after pollination (DAP), and placed in 5 ml the site of application, C t.o is the total concentration at the of 20 mM non-penetrating buffer, which included 29 mM (1%, point of application in the leaf apoplast and L is the total plant w/v) sucrose and 100 ml (1 mCi ml−1) labelled glucosinolate length from the site of application . The plant (2.6 mCi mmol−1). The buffers used to adjust the pH were as parameters included in the model were; plant height 0.5 m, leaf follows (Daie, 1987) : 2-(N-morpholino)ethanesulphonic acid length 0.05 m, length of treated zone 0.05 m, sieve tube radius (MES ) at pH 3.0, 5.0 and 5.5; 3-(N-morpholino)propane-5.0×10−6 m, phloem sap velocity 3×10−4 ms−1. The pH of sulphonic acid (MOPS) at pH 6.5; 4-(2-hydroxyethyl )-the apoplast is taken as 6.0 and the pH of the phloem as 8.0. 1-piperazine-N∞-2-ethanesulphonic acid (HEPES ) at pH 7.0;
The permeability (P, ms−1) of the phloem plasmalemma was 2-amino-2-( hydroxymethyl )-1,3-propanediol (TRIS ) at pH 8.0, and BIS-TRIS propane (BTP) at pH 9.0. estimated by using Eq. 1 (Lichtner, 1986) are used the data are less well described by the model. The measured phloem mobility (mC f ) is the ratio of phloem translocated compound relative to the amount of co-applied sucrose moving in the phloem, except for the reduced oligogalacturonide (ROG6) and sinigrin where the ratio is relative to the applied concentration (20 ml 2.8kBq [3H ]ROG6 (1.4 MBq mmol−1; Rigby et al., 1994) , unlabelled sinigrin 50 mM ). The use of unlabelled sinigrin is justified as Bromilow et al. (1990) concluded that although the measurement of phloem mobility of non-radioactive compounds by HPLC was less sensitive than by use of radiolabelled compounds, it was still sufficiently sensitive to detect low levels of mobility in the phloem. The relative systemic translocation of several xenobiotics and sucrose has been demonstrated (Martin and Edgington, 1981) , with the tested compounds inherent-phloem-mobility and mobility relative-to-sucrose showing a close correlation.
Results and discussion
The radiochemical purity of 35S-sinigrin and 35S-gluconapin synthesized within plants of B. montana and B. insularis, and 35S-desulphosinigrin and 35S-desulphoglu- 
HPLC eluate collected from outside the peak areas against
The peaks are from sequential injections for sequential 10 ml washes of the ion-exchange SPE column, which were reduced in volume to 1 ml. the counts for the glucosinolate peaks.
Ion-exchange washes giving HPLC traces similar to the last two pairs Once the purity of the 35S-labelled glucosinolates and of peaks were those selected for use in uptake studies and partition desulphoglucosinolates was established, the log K ow values coefficient determination. Similar results (not shown) were obtained for 35S-gluconapin.
of these compounds were determined ( Table 1) . The similarity between the log K ow values of the synthesized is illustrated in Fig. 3 . The distribution of 35S-desulpho-35S-gluconapin −2.22 (0.04) −2.45 (0.09) gluconapin after leaf application is predominantly in the embryos of the lower pods ( Fig. 4) . Much smaller amounts were present in the pod walls and very immature gluconapin in the rest of the plant following leaf application is also predominantly in the embryos of the older pods. Phloem mobility of glucosinolates can also be inferred from the presence of label in the upper stem and pods (14-20 DAP; Fig. 5 ). Very young importing sinks such as the leaves and pods on lower branches show a the whole pods on a side branch. The distribution of 35S- Fig. 3 . Oilseed rape plants were divided into the following tissue groups; (a) 35S-desulphogluconapin data in Fig. 4 ; (1) application zone of the treated lamina, (2) treated lamina, area outside application zone, (3) embryos from lowest single pod, (4) pod wall from lowest single pod, (5) embryos from lower pods, (6) pod walls from lower pods, (7) whole, upper very young (<10 DAP) pods, (8) whole young pods from side branch, (9) upper stem of main raceme, (10) upper and lower leaves. (b) 35S-gluconapin data in Fig. 5 ; (1) treated lamina, (2) stem above treated leaf, (3) upper embryos from treated branch, (4) upper pod walls from treated branch, (5) whole young pods (<10 DAP) from treated branch, (6) leaves from treated branch, (7) walls from upper pods on main raceme, (8) embryos from upper pods on main raceme, (9) walls from upper pods on side branch, (10) embryos from upper pods on side branch, (11) leaves from side branch, (12) lower pods from side branch, (13) lower leaves from side branch. (c) 3H-gluconapin and co-applied 14C-sucrose data in Fig. 6 ; (1s) embryos from lowest pod, (1p) walls from lowest pod, (2s) embryos from second lowest pod, (2p) wall from second lowest pod, (3s,4s,5s) embryos from subsequent 30 pods up raceme, collected in three sets from 10 pods, (3p,4p,5p) pod walls from subsequent 30 pods up raceme, collected in three sets from 10 pods, (6) lower leaf, (7) washed treated laminas, (8) non-applied areas of treated laminas, (9) upper stem, (10) 'treated zone' stem, (11) lower stem. DAP=age of tissue expressed as days after pollination. Experiments were repeated at least twice, with essentially similar results. Diagram showing division into tissue groups is given in Fig. 3b . (Cobra). Diagram showing division into tissue groups is given in Fig. 3a. small amount of import via the phloem ( Fig. 5) . Poor
The lack of measurable xylem mobility is probably mostly due to the presence of myrosinase in the xylem of Brassica xylem mobility is observed from the absence of label in untreated areas of the treated lamina ( Fig. 4) and very napus stems and in the vascular tissue close to the phloem (Hoglund et al., 1991) . The low xylem mobility is also low levels in mature leaves (Fig. 5) . However, 35S-gluconapin (optimal log K ow, suboptimal pK a ) and 35S-desulphopossibly due in part to the fact that plants were sampled only at 24 h by which time apolast-phloem transfer and gluconapin have physicochemical properties ( Tables 1, 2 ) that put these compounds in the categories of 'optimum subsequent phloem transport was assumed to be maximal. This assumption is based on the behaviour of phloem phloem mobility' and 'phloem/xylem mobile', respectively, as given by Bromilow and Chamberlain (1989) . mobile compounds; e.g. 6(5)carboxyfluorescein remained embryonic tissue, as would be expected by the lack of any effect of pH on the measured log K ow values ( Table 1 ).
aMeasured at pH 1.1 (Rigby et al., 1994) .
This is related to the pK a values of these compounds and bMeasured at pH 6.5 (Rigby et al., 1994) . cCalculated assuming anionic form is 3.7 times less permeable than is unlike the weak acid trap effect observed for imidazolithe neutral form.
nones (pK a 3.8-4.0), which showed a maximum uptake dMeasured value at pH 7.0 (taken from Table 1 ).
at pH 4 ( Van Ellis and Shaner, 1988) . For a pH range eReduced oligogalacturonide of degree of polymerization 6. fZwitterion.
3.5 to 7 a similar pH optima has been observed for uptake of the phloem mobile (Bromilow et al., 1990) compound maleic hydrazide ( log K ow −2.39, pK a 5.70) strictly confined to the phloem, even after 4 d (Grignon into the isolated vascular bundle of Cyclamen persicum et al., 1989) . Further support is found in studies of the (Grimm et al., 1995) , although this would appear due to xylem-to-phloem transfer of AIB by use of inulin an acid trap mechanism in this case. At pH 3 and pH 9 [14C ]carboxylic acid (INU ) as a xylem transport marker a deleterious effect on the embryo tissue would be ( Van Bel, 1984) , in which a 6 h experiment was regarded excepted, but between pH 5 and pH 8 this would seem as 'long term'. Further data (including that from use of less likely. The most likely reason for the pH maxima INU as a xylem transport marker) such as could be may be that glucosinolates are unstable in both acidic or obtained from a time-course for the previous 24 h in a basic solutions (Sorensen, 1985) . This could be tested as non-myrosinase containing system such as the Ricinus in basic solutions glucosinolates are transformed into system, may be required to clarify the role of xylem amino acids and/or other degradation products, whilst in translocation, which might have been expected for acidic solutions glucosinolates are transformed into carb-35S-desulphogluconapin.
oxylic acids, although not quantitatively (Sorensen, 1981) . The phloem mobilities of co-applied 3H-gluconapin At a concentration of 1 mM amitrole (aminotriazole log and 14C-sucrose were observed to correlate well (r= 0.9359; Fig. 6 ). Again most of the 3H-gluconapin was found in the embryos of the lowest pod, with decreasing amounts in the subsequent upper embryos. The amount of 3H-gluconapin found in pod walls was lower than in embryos and was noted to decrease up the raceme. The phloem mobility of desulphogluconapin and gluconapin can be inferred from the distribution patterns in Figs 4-6, especially from the coincident movement of sucrose. The Fig. 7 . Effect of pH on glucosinolate uptake by oilseed rape embryos Fig. 6 . Tissue distribution for 3H-gluconapin and co-applied 14C-(Cobra). Structures of glucosinolates are given in Fig. 1 . Points are means for at least three measurements, for clarity the ranges/error bars sucrose in oilseed rape (Cobra). Diagram showing division into tissue groups is given in Fig. 3c .
are not included on plot.
K ow −0.87) showed a decrease in uptake into roots as pH decreased from 4 to 10, whilst at 50 mM amitrole influx decreased at pH 4-5 and pH 9-10; it was postulated that this may be due to the influence of proton concentration on the binding of amitrole (Lichtner, 1983; and references therein) . This has also been postulated for phloem mobile and xylem mobile polyamines, which are protonated at acidic pH (i.e. apoplast) and thus could bind to cell walls or membranes ( Friedman et al., 1986) . Thus the effects of pH on binding of gluosinolates could also be of importance. The pH maxima of glucosinolate uptake may be indicative of a gated channel which is pH-dependent, although more work would be needed to elaborate on this; further analysis of these data on the membrane transport and accumulation of glucosinolates by oilseed rape embryos may shed further light on this area and will be reported in due course. At the present level of knowledge, these pH maxima data should be considered of heuristic significance.
The output of the extended Kleier model for glucosinolates, desulphoglucosinolates and some compounds known to be phloem mobile is shown in Fig. 8 . The K ow and pK a values used in these calculations are listed in Table 2 . 3H-ROG6, 35S-desulphosinigrin, 35S-desulphogluconapin, 14C-IAA, 14C-tryptophan, and 3H-AIB (a-aminoisobutyric acid) all have phloem mobilities in 
Sinigrin and 3H-gluconapin have phloem mobilities lower 35S-desulphosinigrin, (6) 35S-desulphogluconapin, (7) 14C-tryptophan, and (8) 14C-IAA. Log K ow and pK a values used are given in Table 2. than predicted if these membrane parameters are used Data for 1-4, 7, 8 were obtained using the Ricinus system, 5, 6 from ( Fig. 8a) . However, the phloem mobility of all compounds oilseed rape. The data for ROG6 (1) are taken from Rigby et al. (1994) is higher than predicted by use of Nitella membrane and IAA (7) are taken from Chamberlain et al. (1984) . 2 and 4 are for parameters, except for 3H-AIB (Fig. 8b) . The low predicsingle determinations only. All sap samples were taken 5-6 h after start of perfusion, except for 3H-gluconapin (3) and ROG6 (1) which were tions are due to Nitella membranes being more permeable taken at 4-5 h. The use of (a) potato membrane parameters ( Eq. 1) than potato membranes: thus the use of Nitella memresults in a better fit to the data (r2=0.79) than when (b) Nitella branes results in a rather low prediction for 14C-IAA, membrane parameters (Eq. 2) are used (r2=0.16).
because this compound has a relatively high log K ow , in the range where the Kleier model output is found to be Schnug (1988) is of the opinion that the transport into much more sensitive to higher log K ow values. It is seeds is specific for glucosinolates, rather than the desulconcluded that glucosinolates and desulphoglucosinolates pho form, although most of the evidence (including his have physicochemical properties that satisfy the interown) would not appear to confirm or even support this mediate permeability criterion for phloem mobility.
conjecture, and would be more easily explained by a The desulpho analogue has been postulated to be the metabolic block(s) in 00-varieties as suggested in transported form of glucosinolate within the plant Josefsson's studies (1971a, b; 1973) . Indeed Josefsson (Rossiter and James, 1990) . The final step in the glucosin-(1973) reported a similar higher sulphur level in silique olate pathway, the sulphation of the desulphoglucosinolwalls of 00-cultivar 'Bronowski' as confirmed in ate ( Underhill, 1980) , may occur in the embryos. Thus 00-cultivar 'Rubin' by Schnug (1998) , in comparison to the lower log K ow (#−0.8 log unit) of the glucosinolate the 0-cultivars 'Regina II' and 'Jet Neuf ', respectively. form would reduce the possibility of subsequent loss Sulphur (S) uptake and distribution in double low across membranes (i.e. the tonoplast) following conver-(Cobra) and single low (Bienvenu) winter oilseed rape sion into the glucosinolate molecule, a view consistent were studied in field experiments ( Zhao et al., 1993a) ; In with the observed transport characteristics. Experiments Bienvenu 65% of pod S was located in the seeds, while by colleagues at Newcastle with 35S-desulphoglucosinolin Cobra 58-68% was retained in the pod walls. The high ates and isolated seeds have indicated some PAPS: desul-S content of the seeds of Bienvenu was due to their high phoglucosinolate sulphotransferase activity ( Toroser et al., 1995) , which supports the above proposition.
glucosinolate content, whereas the high content of S in the pod walls of Cobra was associated with the presence seed glucosinolate levels whilst maintaining higher levels in the vegetative tissues is attractive, as this would allow of free SO2− 4 , which accounted for 70-90% of total S in the pod walls ( Zhao et al., 1993a) . However, the buildexploitation of the beneficial plant-protective properties of glucosinolates and related breakdown products. There up of S in the pod walls of Cobra did not seem to result from the restricted translocation of glucosinolates, since are also potential benefits regarding the sulphur and nitrogen balance of oilseed rape, if embryo levels of in both varieties exogenously supplied allylglucosinolate (prop-2-enylglucosinolate; sinigin) was translocated glucosinolates are sufficiently reduced. In conclusion, it would appear that glucosinolates like other groups of rapidly from the pod walls to the seeds (Zhao et al., 1993b) . These authors concluded that the above results endogenous compounds have physicochemical properties allowing phloem mobility, as predicted by the Kleier are consistent with the hypothesis that pod walls are a major site for the biosynthesis of glucosinolates present model. Further advances in characterizing the transport properties of glucosinolates, as well as in the inheritance in the seeds ( Zhao et al., 1993b) . However, following reciprocal crosses between B. napus 'Cobra' and a synand genetic control of their biosynthesis should enhance the prospects for control of glucosithetic B. napus line, Magrath and Mithen (1993) showed that profiles of F 1 hybrid seed aliphatic glucosinolates nolate levels in specific tissues. were identical to the maternal parent, suggesting the absence of glucosinolate biosynthesis and glucosinolate reduction of seed glucosinolate levels. The reduction of
